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1.0  INTRODUCTION 


Wide  usage  of  advanced  composite  materials  in  aerospace  systems 
is  projected  to  become  a reality  over  the  next  ten  years.  A V/STOL  fighter  air- 
craft is  one  of  several  Navy  articles  projected  to  be  increasingly  dependent  on 
composite  materials  for  primary  and  secondary  structural  components. 

Presently,  the  response  of  advanced  composite  materials  to  arbitrary  load 
and  environments  is  known  to  have  a significant  adverse  effect  on  the  materials 
performance.  The  materials  response  in  severe  environments  and  related  fatigue 
lifetime  prediction  methods  are  presently  insufficient.  This  composites  research 
program  will  assist  in  resolving  this  deficiency  in  the  technology  base.  This  in 
turn  will  ensure  that  the  confident  usage  of  advanced  composite  materials  by 
the  stress  analyst  and  designer  can  be  attained  in  the  near  future. 

The  overall  objectives  of  this  research  program  are: 

0 To  ascertain  if  the  mechanical  response  of  AS/3501-6  graphite/epoxy 
composite  material,  subject  to  various  time,  temperature  and  mois- 
ture effects,  can  be  characterized  using  traditional  viscoelastic 
shift  factors,  and  to  formulate  a master  curve  of  material  property 
dependence  on  time,  temperature  and  humidity. 

0 To  ascertain  the  feasibility  of  predicting  fatigue  failure  of  a 
composite  material  by  accounting  for  the  linear  viscoelastic  be- 
havior of  the  resin  in  various  temperature  and  humidity  environ- 
ments . 

0 To  determine  if  a specific  thermal  conditioning  environment  can 
be  directly  substituted  for  a specific  moisture  conditioning 
environment,  over  a prescribed  temperature  vs.  humidity  range 
for  AS/350 1 -6  graphite/epoxy  material,  and  obtain  an  equivalent 
moisture  effect  on  mechanical  and  fatigue  properties.  If  this 
can  be  shown,  a substantial  cost  and  time  savings  in  moisture 
conditioning  of  the  test  specimen  can  be  achieved  and  possibly 
extended  to  other  composite  specimens. 
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This  report  covers  a 12  month  exploratory  development  program  of  the  pro- 
posed research.  AS/3501-6  Gr/Ep  composite  under  severe  environment  was  investi- 
gated. Application  of  linear  viscoelas t ici ty  to  characterize  the  mechanical 
response  of  the  composite,  subject  to  various  time,  temperature  and  moisture 
effects,  was  quite  successful.  We  were  able  to  formulate  the  master  curves 
of  material  property  and  their  dependence  on  time,  temperature  and  humidity 
through  test  and  analysis  correlation.  Also,  a specific  moisture  environment 
is  shown  to  be  equivalent  to  a specific  thermal  conditioning  environment  through 
the  shift  factor  from  viscoelasticity  theory  where  the  temperature-shift  factor 
and  humidity-shift  factor  are  additive  in  logarithmic  scale. 

A probabilistic  study  on  fatigue  failure  prediction  will  be  pursued  in  the 
Phase  I I program. 
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2 . C SPECIMEN  FABRICATION 

2 . i SPECIMEN  FABRICATION 

Hercules  AS/3501-6  prepreg  graph i te/epoxy  material  was  used  in  this  program. 
It  has  a vendor  suggested  high  service  temperature  capability  and  is  under  con- 
sideration for  wide  usage  in  Navy  aircraft. 

Fabrication  of  two  composite  panels  was  performed  by  Vought's  manufacturing 
research  and  development  division  per  the  fabrication  procedures  recommended  by 
Hercules.  One  composite  panel  was  of  unidirectional  (0°)  fiber  orientation,  15" 
x 76"  x 0.10"  (twenty  plies).  The  second  panel  had  a ± 45°  fiber  orientation, 
symmetric  layup  and  was  14.0"  x 37.0"  x 0,10".  Both  i^nels  were  autoclave  cured. 
Each  had  a process  control  specimen  3"  x 16"  x (16  plies  thick)  cured  during  the 
autoclave  run.  Prior  to  this,  a quality  control  specimen  was  fabricated  to  check 
material  quality  and  the  fabrication  process.  Test  of  flexural  strength  and  modu- 
lus, short  beam  shear  strength  and  the  fiber  volume  were  performed  on  the  quality 
control/specimen.  Each  test  panel  was  inspected  using  ultrasonic  C-scan  to  insure 
that  all  test  specimens  would  be  free  of  void  inclusions. 

The  layup  and  cure  procedures  followed  by  Vought  personnel  for  each  laminate 

were : 

o C 1 ean  a 1 1 tool i ng 

o Apply  a mold  release  agent  to  the  tooling 
o Cover  both  surfaces  of  the  layup  with  peel  ply 
o Cover  both  surfaces  of  the  layup  with  TX-1040 
o Position  the  layup  on  the  tool 
o Apply  the  cork  dam  and  6 bleeder  plies 
o Cover  the  layup  with  nylon  film 

o Cover  the  layup  with  two  plies  of  fiberglass  bleeder  cloth 
o Install  the  layup  in  a vacuum  bag  and  place  in  an  autoclave 

and  the  cure  cycle  was: 

o Apply  25"  Hg  minimum  vacuum 
o Apply  10  psi  autoclave  pressure 


3 
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Heat  to  350  ± 5°F  applying  90  ± 5 ps i autoclave  pressure  once 
the  panel  has  reached  275  ± 5°F  (DO  NOT  VENT) 
o Maintain  the  laminate  at  350  ± 5°F  for  120  ± 5 minutes 
o Cool  slowly  to  below  160°F  (Cool  no  faster  than  5°F  per  minute  - 

Cool  down  should  take  approximately  ^5  minutes)  and  release  pressure 
o Post  cure  in  an  oven  for  2 hours  at  1*00  ± 5°F. 

Mechanical  property  test  rebults  for  both  the  process  control  panels  and  the  qua- 
lity control  panels  are  summarized  in  Table  1 . Both  panels  were  of  0°  fiber 
orientation.  The  short  beam  shear  specimens  had  nominal  dimensions  0.60"  in 
length  by  0.2A9"  wide  by  0.078"  thick.  The  flexure  specimens  had  nominal  dimen- 
sions 2.1*3"  in  length  by  0.500"  wide  by  0.077"  thick.  All  specimens  were 
tested  at  ambient  conditions  and  loaded  at  0.050  inches/minute.  Inspection  of 
Table  I shows  that  the  test  results  compare  favorably  to  the  vendors  published 
values  for  this  material. 

The  two  composite  panels  were  cut  into  test  specimens  with  dimensions  6.5" 
x .75"  x .1".  This  0.75"  width  is  to  guard  against  the  extension  of  the  edge  effect 
into  the  interior  of  the  test  specimens  when  high  levels  of  moisture  and  tempera- 
ture are  present.  Fnd  tabs  were  fiberglass/epoxy  material  of  dimensions  1.0"  long 
x 0.75"  wide  x 0.08"  thick.  A typical  test  specimen  is  shown  in  Figure  1. 

2.2  MOISTURE  ABSORPTION  STUDY 

Specimens  for  this  program  were  required  to  be  conditioned  until  they  attained 
moisture  equilibrium  in  the  same  environment  that  will  be  used  for  mechanical 
testing.  To  provide  guideline  data  for  the  specimen  conditioning,  ten  samples 
with  dimensions  1.0"  x ).0"x  0.10"  (five  90°  samples  and  five  ± 1*5°  samples) 
were  exposed  in  a 200°F  and  95%  R.H.  chamber  for  moisture  absorption  testing. 

Several  samples  were  covered  with  protective  coating  M-coat  C or  M-coat  C and  D 
(from  Micro-Measurements)  to  study  their  effects  on  the  sample's  moisture  absorp- 
tion rate  and  maximum  moisture  absorption  by  weight.  Samples  were  taken  out  for 
weighing  regularly  on  a Mettler  mi cro-ba 1 ance . 

The  moisture  absorption  data  for  these  samples  are  shown  in  Figures  2 through 
5.  The  weight  reduction  shown  for  the  "M-coat  C"  and  the  "M-coat  C and  D"  curves 
in  the  initial  segment  of  the  moisture  absorption  vs.  time  curves  is  believed  to 
be  caused  by  incomplete  cure  of  the  coating.  From  these  test  curves  it  is  appa- 
rent that  the  coating  systems  have  reduced  the  maximum  moisture  content  of  the 
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Vendor  Data  Are  in  Parentheses  for  a 62%  Fiber  Volume  per  AS/3501-6  Data  Sheet. 


FIGURE  2.  PERCENTAGE  OF  MOISTURE  ABSORPTION  OF  tk 5°  GR/EP  SPECIMEN  UNDER  200eF  AND  35%  R.H. 


Coa 


UNDER  200°F  AND  95%  R.H. 


-Coat  C&D 


FIGURE  5.  NET  MOISTURE  ABSORPTION  OF  90°  GR/EP  SPEC 


samples  as  compared  with  that  of  the  uncoated  samples,  but  the  time  to  reach 
saturation  seems  unchanged.  For  each  curve  net  moisture  absorption  is  defined 
as  wet  minus  dry  specimen  weight  at  time  (t). 

“6  2 

For  the  uncoated  samples  the  diffusivity  is  around  6.2  x 10  in  /hr  for 

“6  2 

the  90°  specimen  and  6.8  x 10  in  /hr  for  the  ± A5°  specimen.  The  edge  effect  of 
square  samples  was  not  considered.  This  compares  to  a diffusivity  coefficient 
of  2.8  x 10"6  in2/hr  at  200°F  and  90%  R.H.  for  a T300/103^  ± ^5°  plate.’ 

All  test  specimens  for  this  program  had  the  same  thickness,  0.10",  as  those 
of  the  moisture  absorption  samples.  Thus,  those  specimens  requiring  moisture 
equilibrium  at  200°F  and  95%  R.H.  environment  were  conditioned  to  95%  satura- 
tion at  the  end  of  22  days. 

2.3  SPECIMEN  CONDITIONING 

Specimens  were  tested  in  the  Shore-Western  environmental  test  chamber 
which  has  six  pin  type  loading  fixtures.  Quarter  inch  holes  were  drilled 
at  the  center  of  all  specimen  end  tabs.  A drilling  position  jig  was  designed  to 
drill  this  quarter  inch  hole  so  that  the  center  of  the  drilled  hole  and  the  center 
of  the  coupon  was  aligned  within  ± 0.005".  Thus,  a uniform  stress  field  during 
testing  was  expected  in  the  center  gage  section. 

Before  putting  the  specimen  into  the  environmental  conditioning  chamber, 
scotch  tape  was  wrapped  around  the  specimen  ends  to  protect  the  end  tab  bond  area 
from  moisture  penetration.  Some  specimens  had  RTV  rubber  seal  on  top  of  the  scotch 
tape.  This  preserved  the  bond  strength,  after  conditioning,  to  enable  creep- 
recovery  and  fatigue  testing  to  proceed  without  premature  end  tab  failures. 

From  Shen  and  Springer's’  study  and  Vought's  in-house  work  with  adhesives  in 
bonded  joints,  it  is  readily  apparent  that  temperature  acts  as  a catalyst  in  accel- 
erating the  moisture  absorption  rate  without  changing  the  maximum  moisture  con- 
tent in  the  specimen  at  moisture  equilibrium  for  a particular  relative  humidity. 
This  information  was  used  in  the  test  program  to  shorten  the  specimen  condi- 
tioning time.  All  specimens  requiring  moisture  saturation  were  conditioned  in  a 
wet  200°F  environment.  This  enabled  the  specimens  to  attain  saturation  in  22 
days.  This  was  below  the  specimen's  "wet"  glass  transition  temperature  (Tg)  of 
23l°F  as  determined  by  Differential  Scanning  Calorimeter  Measurements. 
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All  the  specimens  were  conditioned  to  at  least  95%  saturation  before  they  were 
tested.  There  are  five  humidity  levels  in  this  program:  50%,  57%,  71%,  79% 
and  95%  relative  humidity.  These  humidity  conditions  were  attained  by  placing 
selected  specimens  in  chambers  containing  saturated  aqueous  salt  solutions. 

A saturated  aqueous  solution  in  contact  with  some  solid  phase  of  the  salt 
at  a given  temperature  will  maintain  constant  humidity  in  an  enclosed  space. 

The  choice  of  compounds  for  attaining  the  previously  mentioned  relative  humidity 
levels  are  given  in  the  following  table. 


SOLID  PHASE 

SYMBOL 

TEMPERATURE 

% RELATIVE  HUMIDITY 

Ambient  Condition 

75°F 

50% 

Potassium  Iodide 

(Kl) 

200°F 

57% 

Potassium  Bromide 

(KBr) 

200°F 

71% 

Potassium  Chloride 

(KC1) 

200°F 

79% 

Sodium  Fluoride 

(NaF) 

200°F 

95% 
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3.0  MECHANICAL  MEASUREMENT  TECHNIQUES 


3.1  STRAIN  GAGE  AND  EXTENSOMETER 

The  ability  of  strain  gages  to  measure  strains  in  high  temperature,  high 

humidity  environments  is  at  present  unproven.  Moreover,  it  is  desirable  to 

use  a biaxial  strain  gage  on  all  + 45°  specimens  to  obtain  shear  compliance 

data.  Therefore,  a Micro-Measurement's  strain  gage,  WK-00-250BG-350,  which  had 

2 

shown  extreme  thermal  stability  in  air  to  lh7°F,  was  bonded  on  six  aluminum  and 
three  graphite/epoxy  specimens.  The  specimens  were  placed  in  a 75°F/55%  R.H.  or 
a ?O0°F/95%  R.H.  environment.  The  gages  were  coated  with  M-coat  C and/or  D to 
ascertain  if  these  materials  can  protect  the  gage  in  a hot,  humid  environment, 
thereby  enabling  their  use  in  accurately  recording  the  mechanical  response  of  a 
composite  in  a severe  environment  during  creep  testing. 

To  insure  the  success  of  this  program,  a parallel  effort  was  undertaken  to 
develop  an  LVDT  type  of  measurement  device.  Schaevitz's  hermetically  sealed 
LVDT's  with  CAS  025  signal  conditioners  were  used.  This  system  can  withstand 
temperatures  up  to  250°F,  and  can  measure  up  to  0.03"  elongation.  Its  accuracy, 
as  specified  by  the  manufacturer  is  0.000050".  Two  LVDT's  and  two  holding  plates 
were  designed  (Figure  f>)  as  an  extensometer  measuring  device.  The  gage  length 
for  the  extensometer  is  two  inches.  The  fixtures  holding  the  LVDT's  are  made  of 
chromic  acid  anodized  aluminum  to  minimize  corrosion  of  the  fixture.  The  whole 
extensometer  has  a weight  less  than  440  grams  and  is  weight  balanced. 

3.2  EVALUATION  OF  MEASUREMENT  TECHNIQUES 

The  six  aluminum  and  three  ± 45°  Gr/Ep  specimens  with  the  strain  gages 
attached  were  conditioned  for  a two  month  period,  during  which  environmental 
equilibrium  of  the  Gr/Ep  specimens  was  attained.  Subsequent  to  this  each  type 
of  specimen  was  put  into  the  Shore-Western  Environmental  Test  Chamber  for  creep- 
recovery  testing  at  their  respective  environmental  conditions.  Figure  7 shows 
the  test  setup  for  those  strain  gaged  and  environmentally  conditioned  specimens. 
During  testing,  strain  gage  data  was  recorded  by  the  Strain  Gage  Scanner  on  paper 
tape  while  extensometer  voltage  output  signals  were  recorded  on  an  X-Y  plotter,  a 
Digi-Strip  recorder,  and  on  the  cassette  in  the  HP  9815  calculator.  Reduced 
data  from  the  strain  gage  and  extensometer  measurements  for  a 200°F/95£  R.H. 
conditioned  specimen  is  plotted  in  Figure  8.  They  indicate  that  degradation 


c ( t ) = c(D 


GR/EP  COMPOSITE  CREEP-RECOVERY  TEST  OF  ±45°  SPECIMEN  CONDITIONED 
AT  200°F/95%  R.H.  ENVIRONMENT. 


of  the  strain  gage  system  by  moisture  at  200°F  and  95%  R.H.  is  obvious  even 
though  it  is  protected  by  M-coat  C.  The  extensometer  produces  a more  reliable 
creep- recovery  curve  in  this  severe  environment  and  was  used  throughout  this 
program  to  record  all  creep-recovery  data.  Since  a one  milli-volt  output 
difference  from  the  extensometer  is  equivalent  to  about  ± 0.0000086",  (a 
function  of  the  environment),  the  extensometer  has  a calibrated  recording  accu 
racy  up  to  ± 0.0000043  in/in  strain. 
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k.O  REVIEW  ON  VISCOELASTIC  COMPOSITE  MATERIAL  CHARACTERIZATION 


4. 1 ANALYSIS  TECHNIQUE  FOR  CHARACTERIZING  VISCOELASTIC  COMPOSITE 

3 

The  linear  viscoelastic  theory  reviewed  by  Schapery  for  composite  materials 
is  employed  as  the  baseline  analytical  method  to  study  the  effect  of  time,  tempera 
ture,  and  humidity  on  the  mechanical  behavior  of  AS/3501-6  material.  In  part, 
a quasi-elastic  representation  is  employed  to  relate  viscoelastic  constitutive 
equations  in  an  elastic  format. 


V 
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Here,  Cartesian  coordinates  1-2  are  used  for  the  principal  directions  of  the  unidir 
tional  lamina,  (1-parallel  to  fiber;  2-perpendicular  to  fiber).  Compliance,  S.^., 
may  vary  with  time,  temperature,  and  humidity  and  was  determined  in  this  pro- 
gram by  testing  of  0°,  ±45°,  and  90°  specimens.  The  general  form  of  S„  often 
times  can  be  represented  in  a power  law  form: 


D (t , T,  R.H.)  = Dq  + Dj  tn 


(2) 


where  t,  T,  and  R.H.  stand  for  time,  temperature  and  relative  humidity  respectively. 
The  time  independent  constants  0q,  D^,  and  n were  evaluated  based  on  our  experi- 
mental results.  Specifically,  one  can  determine  Sjj  and  S22  from  uniaxial  creep- 
recovery  tests  of  0°  and  90°  specimens,  respectively.  They  are  related  to  the 
test  data  by 


S 


and  S22 


h 

°2 


where 

Oj  = Creep  stress  appl ied  to  0°  specimen 

= Creep  strain  experienced  by  0°  specimen 
o2  = Creep  stress  applied  to  90°  specimen 

= Creep  strain  experienced  by  90°  specimen 


(3) 


Theoretically,  shear  compliance,  S^,  can  be  determined  from  the  biaxial 
strain  data  obtained  during  the  creep-recovery  testing  of  a i 45°  specimen.  As 
pointed  out  in  Section  3-2  , strain  gages  were  found  to  be  unsatisfactory  for 
measuring  creep-recovery  strain  in  severe  environments.  Thus,  an  alternate 
analytical  procedure  to  obtain  is  proposed  and  its  validity  is  discussed  in 
Section  4.2. 

To  evaluate  S^*  we  have  the  equation 


S12  'Sll  V 1 2 


(4) 


Here,  S^  is  obtained  from  uniaxial  creep-recovery  test  data  of  0°  specimens. 
The  quantity  can  be  obtained  from  biaxial  measurements  at  specific  tempera- 
tures (low  R.H.)  by  using  a strain  gage  technique.  Variation  of  v]9  with 
humidity  was  assumed  to  be  small.  This  assumption  was  based  on  the  fact  that 
the  Poisson's  Ratio  of  epoxy  resins  is  generally  a weak  function  of  time- 
temperature,  and  the  humidity  effect  and  temperature  effect  are  roughly  equiva- 
lent. Our  test  results,  shown  in  Section  6.2,  verify  this  assumption. 


4.2  ANALYSIS  OF  SHEAR  COMPLIANCE  S6& 

Because  of  the  difficulty  in  obtaining  accurate  biaxial  measurements  of 
creep-recovery  strains  through  strain  gage  techniques,  an  analytical  technique 
was  developed  to  evaluate  the  shear  compliance  S66  and  its  dependence  on  time, 
temperature  and  humidity  from  uniaxial  test  data  from  0°,  ± 45°  and  90° 
specimens . 

Hooke's  law  for  homogeneous  and  orthotropic  material  in  a plane  stress 
state  can  be  written  as 


Q11  Q12  0 

n 1 

1 

°2 

= 

q,2  q22  o 
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>- 
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which  is  the  inverse  form  of  the  strain-stress  relation  given  by  equation  (1)  of  Sec 
tion  4.1.  The  components  Q . j ( i .e., st i ffness  matrix)  in  equation  (5)  are  related 
to  Young's  moduli,  Ejj  and  E 22 » the  shear  modulus,  Gj2,  and  the  major  Poisson's 
ratio,  v]2,  by 
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where 


«n  ‘ En/S 


Q22  E22/A 


Q12  V 1 2 E22/A 


a66  " G 1 2 


2 F22 


From  laminated  plate  theory  for  a composite,  the  stiffness  matrix,  Q..,  for  a 
mid-plane  symmetric  ±^5°  laminate  in  X-Y  coordinates  is 


1 1 

Q12 

0 

1 

12 

°22 

0 

^66  Txy 


<i|,  - aj2  ■ l/o  (5,,  * a22  * 2<iI2  + 4a66) 


>“11  T “22  ‘“12  “66 
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1A  (Q,  t + C>22  - 2Q.j  2) 


Under  uniaxial  load  (a  , 0,  0)  the  ±^5°  specimen  will  have  the  uniaxial  compliance 


E a ” r)2  n'2 

XX  X Qn  - Q,  2 


By  introducing  equations  (6)  and  (8)  into  equation  (9)  and  rearranging  the  terms, 
one  obtains  the  shear  compliance  as  a function  of  Ejj,  E22,  v j - anc^  Exx"  TE|US’ 


566  ” G, 


J ' ~ ^E22/E11)v12 

Exx  E11  + E22  ^ 1 + 2 V 1 2 


Quantities  E|]>  ^22’  an<*  ^xx  are  measura^*e  from  0°,  90°.  and  ±45°  tests  respec- 
tively. Thus,  the  shear  compliance  can  be  evaluated  if  is  known. 

Unfortunately,  is  not  a directly  measurable  quantity  because  of  the  limita- 
tion of  biaxial  strain  gage  test  techniques  in  severe  moisture,  temperature  envi- 
ronments. However,  we  can  assume  a value  based  on  the  following  two  observa- 
tions. First,  the  shear  compliance  is  not  sensitive  to  variations  of  v,  value.  For 

6 ^ 6 

example,  given  a typical  Gr/Ep  composite  with  E^j  = 20  x 10  ps i , E ^ = 1.2  x 10 
ps  i , and  E = 2.4  x 10^  psi,  the  sensitivity  of  as  a function  of  can 
be  determined  by  use  of  equation  (10).  The  results  are  presented  in  Table  2. 
Inspection  of  Table  2 reveals  the  insensitivity  of  to  sizable  changes  in 
Vj2  value.  A 36%  variation  in  the  value  of  results  in  only  a .18%  error  in 
S^.  Second,  a representative  value  of  with  respect  to  temperature  can  be 
obtained  by  testing  a 0°  specimen  without  regard  to  humidity.  A minor  effect  of 
humidity  on  is  anticipated  based  on  the  work  of  Schapery'’  where  he  showed  that 

epoxy's  creep  or  relaxation  Poisson's  ratio  vary  between  .36  and  .39  over  a twelve 
decades  of  time  scale  (minutes).  It  is  also  interesting  to  note  that  the  output 
strain  of  a ± 45°  test  is  above  8 x 10  ^ in/in  while  the  extensometer  strain 
sensitivity  is  ± 4.3  x 10  ^ in/in.  Thus,  the  inherent  experimental  error  is 


Experimental 


Error  = 


4.3  x 10~6 

8 x 10_/* 


This  .5%  experimental  error  can  easily  override  the  .18%  error  in  S66  due  to 
an  incorrect  Vj2  value. 
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TABLE  2 o SENSITIVITY  STUDY  OF  SHEAR  COMPLIANCE  S^ 


POISSON  RATIO 

V12 

.28 

.34 

oo 

SHEAR  COMPLIANCE 

-6S66  -1 
(10  b PSI  ) 

1 .48465 

1.48624 

1.48734 

RATIO 

S66 

i .00000 

1.00107 

1.00181 

S66  at  v 1 2 = -23 
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5.0  MECHANICAL  CHARACTERIZATION  TEST 


5.1  TEST  EQUIPMENT  AND  DATA  ACQUISITION  SYSTEM 

All  the  mechanical  tests  of  this  program  were  conducted  in  the  Structures 
and  Materials  Laboratory  of  Vought's  Advanced  Technology  Center.  The  purpose  of 
each  piece  of  equipment  used  in  the  creep-recovery  and  fatigue  tests  is  briefly 
summarized  as  follows: 

o Shore-Western  Environmental  Test  Machine  - This  machine  can  create 

temperatures  in  the  range  of  -100°F  to  450°F  and  humidity  in  the  range 
of  0 % to  98%  R.H.  simultaneously  (up  to  210°F).  It  has  a 5000  lb. 
static  load  capacity  and  0-30  Hz  dynamic  load  frequency.  Six  load 
stands  are  in  the  machine.  Three  of  these  are  dead  weight  load  stands 
while  the  remaining  three  are  hydraulic  load  stands.  They  can  be 
operated  simultaneously. 

o Digi-Strip  Recorder  - This  recorder  has  thirteen  recordable  channels 
with  scan  intervals  of  1,  2,  k,  10,  20,  and  40  minutes.  It  is  con- 
nected to  the  HP  9815  calculator. 

o HP  9815  Calculator  - This  is  a programmable  calculator  equipped  with 
a 2008  program  step  capability.  It  has  built-in  tape  drive  and  allows 
permanent  recordings  of  programs  and  data.  Its  tape  cartridge  will 
record  data  that  are  sent  to  the  calculator  from  the  Digi-Strip  recorder 
during  the  static  or  creep-recovery  test.  Later  on,  data  stored  in  the 
cassette  can  be  processed  to  produce  test  curves  through  the  HP  9862A 
X-Y  plotter. 

o Extensometer  - As  discussed  in  Section  3,  this  measuring  device  has  two 
LVDT's,  Model  GCA-121-050,  and  two  signal  conditioners,  CAS  025,  which 
will  measure  the  displacement  over  a two  inch  gage  length  of  the  specimen. 
The  voltage  signal  is  sent  to  either  the  Digi-Strip  or  X-Y  plotter  or  both. 

The  recordable  voltage  accuracy  for  the  Digi-Strip  is  in  milli-volts  as  is  the 
data  accuracy  of  the  cassette.  A one  milli-volt  output  difference  from  the 
extensometer  is  equivalent  to  about  ± 0.0000086"  (a  function  of  the  environment) 
or  ±0.0Q0Q0**3  in/in  strain  fluctuation  over  a two  inch  gage  length  area.  The 
overall  creep- recovery  test  and  data  acquisition  system  is  shown  in  Figure  9. 
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FIGURE  9.  CREEP-RECOVERY  TEST  AND  DATA  ACQUISITION  SYSTEM. 
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5.2  SELECTION  OF  TEST  ENVIRONMENT 


Since  the  glass  transition  temperature  (T  ) of  the  AS/3501-6  system  decreases 
from  375°F  to  approximately  230°F  once  the  laminate  has  attained  moisture  equili- 
brium in  a 95—1 00%  relative  humidity  environment,  we  have  defined  our  extreme 
environments  for  the  test  program  as  200°F  at  95%  R.H.  and  75°F  at  room  ambient. 


The  compliance  coefficients  S.j  (t,  T,  R.H.)  depend  on  both  temperature  and 
humidity.  Several  combinations  of  temperature  and  humidity  are  necessary  for  the 
determi nat ion  of  S.^.  These  have  been  defined  for  test  purposes  as: 

(T°F,  * R.H.)  = (200,  95),  (200,  79),  (200,  71) 

(200,  57),  (200,  50) 

(188,  95),  (188,  79),  (188,  71) 

(188,  57),  (188,  50) 

(176,  95),  (176,  79),  (176,  71) 

(176,  57),  (176,  50) 

(158,  95),  (158,  79),  (158,  70 

(158,  57),  (158,  50) 

(132,  95),  (132,  79),  (132,  71) 

(132,  57),  (132,  50) 

(75,  95),  (75,  79),  (75,  71) 

(75,  57),  (75,  50) 


The  temperature  selection  above  is  based  on  Figure  10  where  the  Arrhenius  activa- 
tion energy  equation  and  power  law  equation  for  creep  strain  are  used  to  derive 
the  temperature  and  creep  strain  relation  and  the  temperatures  are  selected  with 
equal  creep  strain  between  them. 

5.3  STATIC  STRENGTH  TEST 

Static  strength  tests  in  various  environments  for  0°,  ±1*5°  and  90°  specimens 

have  been  conducted.  These  tests  were  to  provide  the  baseline  data  for  creep- 
recovery  and  fatigue  tests.  The  results  are  shown  in  Table  3.  The  comparative 
data  of  Gr/Ep  AS/3501-5  from  Browning  are  also  listed  in  the  table  although  the 
test  environment  and  test  technique  are  different.  For  high  strength  (0°)  speci- 
mens, and  ± 1*5°  specimens,  tests  were  conducted  on  a MTS  machine  with  a 100,000 
lb.  load  cell.  Hydraulic  grip  pressure  was  adjusted  to  around  6 00  psi  during  the 
testing.  Wet  towels  and  a heating  pad  were  wrapped  around  the  specimen  to  pro- 
duce the  desired  test  environment  and  to  prevent  the  environmentally  conditioned 
specimens  from  desorbing  during  the  test.  Temperature  was  monitored  by  thermo- 
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TA3LE  3.  STATIC  STRENGTH  OF  GR/EP  AS/3501-6  (V  = 66%) 


200  Dry 


couples  that  were  attached  to  the  center  of  the  specimen.  Ninety  degree  speci- 
mens were  tested  in  the  Shore-Western  machine  which  is  capable  of  producing  the 
desired  environment  in  the  test  chamber. 

Results  in  Table  3 indicate  that  data  scatter  is  a function  of  failure 
location  and  failure  mode.  For  0°  specimens,  the  failure  process  is  fiber 
splitting.  All  ± 1*5°  specimens  failed  in  the  center  portion  of  the  specimen 
and  their  failure  process  was  repeatable.  Thus,  the  data  scatter  is  smaller. 

For  90°  specimens,  some  failed  near  the  end  of  the  end  tab  while  others  failed 
at  the  center  gage  section.  Overall,  results  are  similar  to  those  experienced 
by  other  researchers  for  Gr/Ep  material. 

5.4  CREEP-RECOVERY  TEST 

Creep- recovery  testing  of  AS/3501-6  composite  material  was  performed  in  the 
Shore-Western  environmental  test  machine.  Hot  wet  air  was  circulated  and  distri 
buted  inside  the  test  chamber  by  a 1/3  horse  power  fan.  There  are  sensors  to 
control  temperature  and  humidity  and  about  fifteen  minutes  are  required  for  the 
test  chamber  to  attain  equilibrium  at  the  desired  environment.  Preliminary 
tests  at  200°F/95%  R.  H.  environment  indicated  that  the  test  assembly  including 
specimen,  extensometer  and  fixture  linkages  required  at  least  thirty  minutes  to 
adjust  to  the  new  temperature  level  and  to  become  stabilized  in  this  environment 
This  thirty  minute  period  is  called  the  thermal  conditioning  period.  After  the 
test  system  was  stabilized,  the  specimen  was  loaded  and  unloaded  several  times 
(3  to  15  times  at  creep  stress  level)  at  the  rate  of  2 cycles  per  minute.  This 
exercise  is  called  mechanical  conditioning  and  is  important,  in  that  it  not  only 
mechanically  conditions  the  specimen  in  the  chamber,  but  also  enables  one  to 
verify  the  stability  of  the  fixture  linkage  systems  so  that  it  will  yield  repro- 
ducible test  results.  Figure  11  shows  the  typical  thermal  conditioning  and  the 
mechanical  conditioning  of  a 90°  specimen  in  a 200°F/95%  R.H.  environment.  The 
specimen  assembly  is  considered  thermally  stabilized  in  that  environment  when 
the  two  LVOT  traces  become  horizontal  during  thermal  conditioning.  Three-cycle 
mechanical  conditioning  is  also  shown  in  Figure  11  which  is  to  assess  the  effect 
of  internal  microcracking  in  the  specimen  and  to  develop  it  to  a fixed  level  be- 
fore creep  and  recovery  testing.  We  consider  the  microcracking  stabilized  when 
the  peaks  of  the  neighboring  cycles  are  of  the  same  height. 
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The  gage  length  of  the  extensometer  is  two  inches  as  noted  previously.  An 
assembly  jig  has  been  made  and  is  employed  to  clamp  the  extensometer  onto  the 
specimen  (Figure  12),  assuring  the  two  inch  gage  length  is  maintained  over  the 
appropriate  length  of  the  specimen.  The  extensometer  clamping  spring  force  will 
exert  about  1000  psi  pressure  normal  to  the  specimen's  surface  at  the  contact  points. 

After  the  specimen  and  extensometer  assembly  have  attained  thermal  and 
mechanical  equilibrium,  a three  cycle  creep-recovery  test  is  conducted.  The 
test  data  were  recorded  using  the  Digi-Strip  recorder.  Creep-recovery  repeatabi- 
lity is  consistently  observed  between  the  second  and  third  load-unload  cycles.  An 
adequate  creep-recovery  cycle  has  been  determined  to  be  one  hour  (fifteen  minutes 
of  creep  and  forty-five  minutes  of  recovery).  This  load-unload  time  arrangement 
has  been  found  to  be  most  economical  for  the  evaluation  of  creep-recovery  data  as 
far  as  a power  law  is  concerned.  Figure  13  depicts  such  a creep- recove ry  test 
arrangement . 

Creep-recovery  tests  were  conducted  on  ± 45°  and  90°  specimens.  Typical  re- 
sults are  shown  in  Figures  14  through  18.  Two  stress  levels,  10%  and  20%  of  ulti- 
mate stress,  were  used  for  testing  ± 45°  specimens  in  order  to  ascertain  the 
linearity  of  the  material.  Stress  levels  of  25^  and  50%  of  ultimate  were  used  for 
90°  specimen  testing. 

Inspection  of  the  data  revealed  that  the  test  results  from  ± 45°  specimens 
are  somewhat  more  consistent  than  that  of  the  90°  specimen.  This  differ  nee  in 
the  test  quality  is  caused  by  two  factors.  The  first  is  that  the  instantaneous 
modulus  of  a ± 45°  specimen  is  about  3 x 10^  psi  while  that  of  a 90°  specimen 
is  about  1.6  x 10^  psi.  Thus,  any  slight  disturbance  such  as  flow  vibration  or 
fan  blowing  in  the  test  chamber  during  the  test  will  be  more  likely  to  be  observed 
in  the  deflection  response  of  the  90°  specimen  vs.  that  for  the  ± 45°  specimen. 

The  second  factor  is  that  the  dead  weight  creep  load  on  a 90°  specimen  is  in  the 
50  to  100  lb.  range  while  that  of  a i 45°  specimen  is  in  the  200  to  400  lb.  range. 
Hence,  the  test  assembly  is  more  susceptible  to  mechanical  disturbances  when 
testing  90°  specimens. 
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FIGURE  16.  CREEP-RECOVERY  TEST  OF  ±45°  SPECIMENS  AT  STRESS  LEVEL  OF 
4.98  KS I AND  AND  75°F/71%  R.H . ENVIRONMENT. 
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time,  minutes 

CREEP-RECOVERY  TEST  OF  90°  SPECIMEN  AT  STRESS  LEVEL  OF  1.37  KS I AND  80oF/50<:  R.H  ENVIRONMENT. 


5.5  FATIGUE  TEST 


The  fatigue  test  technique  in  a severe  environment  has  been  established  and 
evaluated.  The  longitudinal  deformation  in  the  specimen  was  monitored  by  the 
extensometers  shown  in  Figure  6 in  a manner  identical  to  that  for  the  creep- 
recovery  tests.  The  cyclic  frequency  of  all  fatigue  testing  has  been  set  at  3 
hertz.  The  displacement  over  the  two  inch  gage  length  of  the  specimen  is 
recorded  continuously  on  a HP  7^02A  strip  chart  recorder.  Thermocouples  seem 
to  create  some  disturbance  on  the  LVDT  reading  since  they  were  crossing  each 
other  in  the  specimen's  gage  section.  Hence,  we  decided  to  have  four  specimens 
monitored  by  extensometer  and  another  four  specimens  by  thermocouples  for  each 
test  environment  and  each  stress  level. 

Preliminary  fatigue  test  results  show  that  the  extensometer  is  a stable, 
repeatable  measuring  system  at  3 Hz.  Figure  19  is  a sample  of  selected  output 
from  the  strip  chart  recorder  for  various  times  during  the  test.  The  horizontal 
scale  is  time.  The  vertical  scale  represents  deformation  and  is  set  at  20  mv  per 
division.  The  two  horizontal  ink  strips  represent  the  two  LVDT  headings  which 
were  located  on  each  side  of  the  specimen  during  the  test.  The  gradual  increase 
in  mean  strain  and  strain  amplitude  is  also  shown  in  Figure  19.  The  mean  strain 
increases  according  to  the  power  law  given  by  equation  (2).  The  two  LVDT  extenso- 
meter systems  have  the  advantages  of  monitoring  the  eccentricity  of  the  loading 
pins  centerline  with  respect  to  the  specimen's  centerline.  Figure  20  shows  that 
after  loading,  points  A & B at  the  side  of  the  specimen  moved  to  points  A'  and  B' 
respectively.  From  the  test  data  shown  in  Figure  19,  we  see  that  AA'  and  B B ' can 
be  calculated  to  be  2131  pin  and  2199  pin  respectively  prior  to  the  specimen's 
failure.  This  enables  one  to  ascertain  the  importance  of  eccentric  loading 
effects  in  all  subsequent  fatigue  testing. 
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FIGURE  19.  FATIGUE  AND  RELATED  CREEP  OF  A 90°  SPECIMEN  TESTED  AT  176°F/95%  R.H.  ENVIRONMENT 


FIGURE  20.  ECCENTRICITY  AS  SEEN  BY  EXTENSOMETER 


6.0  ANALYSIS  OF  CREEP-RECOVERY  TEST  RESULTS 


6.1  DATA  REDUCTION  TECHNIQUE 

The  creep  compliance,  e/a,  of  AS/3501-6  material  can  be  assumed  to  obey  a 
power  law  relationship  previously  mentioned  in  section  4.1. 

D = D (t , T,  R.H . ) = Dq  + D,  tn 


Since  the  net  creep  compliance  D - Dq  i s usually  much  smaller  than  the  initial 

compliance,  Dq,  values  Dq,  Dj,  and  n of  equation  (2)  can  not  be  accurately  found 

from  short  term  creep  test  data  only.  However,  a satisfactory  data  reduction 

technique  was  developed  by  Lou  and  Schapery^  to  evaluate  the  power  law  constants 

from  creep  and  recovery  test  data  such  as  is  shown  in  Figure  21.  In  essence, 

• if  a is  the  uniaxial  creep  stress  applied  to  the  specimen,  cr(t)  is  the  recovery 

strain,  and  t is  the  time  at  which  recovery  begins,  then  for  t ■*  t , we  have 
c c 

E (t) 

-£ = (D  + D,tn)  - [D  + D,(t  - t )"] 

a o ) ole 

o 

= AD(t  ) [(1  + X)n  - Xn]  (II) 

where  AD(t  ) = D,tn  and  X = (t  - t )/t 
c 1 c c c 

Equation  (11)  may  be  written  in  logarithmic  form: 

log  er  = log  AD(t  ) + log  [(I  + X)n  - Xn]  + log  (12) 

By  plotting  log  er  vs.  log  X from  recovery  data  shown  in  Figures  1 4 through  18 
and  comparing  it  with  the  log  [(1  + X)n  - Xn]  vs.  log  X curve,  the  appropriate 
exponent  n can  be  determined.  Linear  regression  techniques  can  then  be  used  to 
evaluate  Dq  and  D^  from  the  creep  test  data.  Following  this  procedure,  it  was 
determined  that  n = 0 . 1 3 , as  shown  in  Figure  22,  is  an  appropriate  value  for 
AS/3501-6  material  in  all  environments.  The  exponent  n was  found  to  be  a con- 
stant, independent  of  time,  temperature,  humidity  and  stress  level.  The  Dq  and 
Dj  values,  as  evaluated  from  test  results,  are  shown  in  Tables  4 through  6. 
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FIGURE  21.  RELATION  BETWEEN  CREEP  AND  RECOVERY  OF  A 


LINEAR  VISCOELASTIC  MATERIAL. 
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FIGURE  22.  CURVE  FITTING  TECHNIQUE  FOR  POWER  LAW  EXPONENT 
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TABLE  5.  POWER  LAW  CONSTANTS  FROM  CREEP-RECOVERY  TEST  OF  ±A5°  SPECIMEN. 


-3.035 


The  power  law  relation  in  equation  (2)  can  be  rewritten  as 


° ■ “o  * °; 


03) 


where  is,  by  definition,  a constant  and  is  equal  to  at  reference  tempera- 
ture and  humidity.  Comparing  equations  (2)  and  (13),  we  see  that  the  shift 
factor,  becomes 

. 1/n 


aJH  = a(T,  R.H.)  = CD 1 /D 1 ) 


(14) 


Among  creep- recove ry  tests,  we  have  seventeen  environmental  tests  for  ± 45° 
specimens  and  three  50%  R.H.  tests  for  90°  specimen.  The  creep- recovery  results 
are  obtained  by  uniaxial  measurement  from  the  extensometers . In  order  to  charac- 
terize the  shear  modulus  G^  from  equation  (10),  it  was  necessary  to  have  test  data 
for  transverse  modulus  'n  environments  for  which  ± 45°  specimens  had  been 
tested.  Without  resorting  to  complete  testing  of  0°  and  90°  specimens  at  all 
environments,  the  Halpin-Tsai  equations,  below,  can  be  employed  for  characterization. 


E 


22 


G 


12 


[Ef(1  + W + ^eV1  - V] 


M 

/ vf\ 

Ef"  - V * EeEH  | 

*r 

^ e/ 

[G  (1  + c V.)  + C G (1  - V )] 
„ r g f g M f 

~M  1 

( vf\ 

Gf(1  - V * Vh 

'♦rl 

\ 

^ V 

(15) 


(16) 


In  essence,  a test-analysis  procedure  is  developed  to  characterize  the  composite. 
This  procedure,  shown  in  the  flow  chart,  Figure  23,  is  based  on  the  following  two 
bas ic  assumptions. 

1.  Halpin-Tsai  equations  are  valid  for  composites,  quasi-statical ly , at  all 
environments  if  the  matrix  properties  are  obtained  from  tests  of  the 
composite  materials. 

2.  Fiber  mechanical  quantities  will  not  vary  with  respect  to  time,  tempera- 
ture, and  humidi ty. 

From  Procedures  I and  II  of  Figure  23,  fiber  volume,  Vp  major  Poisson's 
ratio,  v.^,  and  longitudinal  Young's  modulus,  Ep,  can  be  evaluated.  Here,  the 
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ANALYSIS  PROCEDURE  FOR  THE  CHARACTERIZATION  OF  COMPOS 


biaxial  measurements  in  temperature-only  environments  for  0°  specimens  were 
obtained  using  strain  gages.  Fiber  longitudinal  modulus  E^.  can  be  found  from 
the  rule  of  mixtures.  The  results  are  listed  in  Table  7 including  the  theoreti- 
cal relation  assumed  for  later  analysis  purposes.  Other  than  the  four  measured 
quantities  just  discussed  (E^,  v^,  ^f’  an<^  > the  - ^5°  modulus  E depends 
on  the  parameters  listed  below. 


Exx  Exx  ^Gf’  Vm * E22 ’ 5e’  r’q^ 


The  parameters  in  the  argument  are,  respectively,  fiber  shear  modulus,  resin 
Poisson's  ratio,  composite  transverse  modulus,  and  geometric  parameters  in  the 
Halpin-Tsai  equations.  Equation  (17)  is  obtained  from  the  Halpin-Tsai  equations 
and  equation  (10).  Transverse  modulus  E_.,  instead  of  resin  Young's  modulus  Eu, 
is  used  as  an  independent  variable  in  equation  (17),  because  a relationship  between 
E^^  and  E ^ is  more  useful  in  relating  analysis  to  test  data. 

Procedure  I I I of  Figure  23  is  the  algorithm  to  generate  all  other  mechanical 

properties  from  known  ± 45°  and  90°  test  results  based  on  equation  (17).  To 

start  with  the  algorithm,  four  parameters,  fiber  shear  modulus,  G^,  matrix  Poisson's 

ratio,  v^,  and  geometry  parameters  and  in  the  Halpin-Tsai  equations,  are 

assumed.  For  each  test  value  E^,  a comPos'te  shear  modulus,  G^,  can  be  evaluated 

from  the  Halpin-Tsai  equations  and  the  t A50  modulus,  E^y,  can  then  be  found  from 

the  functional  relation  (17).  This  calculated  value,  E , should  agree  with  the 

test  value  of  E if  we  have  the  correct  parameters  G,,  , Z,  and  C to  begin 

xx  f n e g 

with.  A good  initial  assumption  will  expedite  this  algorithm  exercise  to  deter- 
mine realistic  values  for  the  four  parameters.  Various  sources  of  information  are 
collected  here  for  this  purpose. 

(1)  Fiber  shear  modulus,  G^,  is  assumed  to  be  k - 10  x 10^  psi  in  the 

1 i terature^’^  and  Poisson's  ratio,  v^,  varies  from  0.35  to  0.kl.^’'G 

(2)  At  low  value  of  E^,  an  approximate  rela'ion 


(1  + v)(l  + C Vf)/(1  + c Vf)  = 2 E_-/E  (18! 

m et  gt  i./.  xx 

can  be  obtained  through  the  Halpin-Tsai  equations  and  equation  (10). 
We  also  know  that  = 2 and  = 1 are  the  values  for  the  general 
composite  with  isotropic  fiber.  The  matrix  Poisson's  ratio,  vm,  is 


■ 


essentially  constant  as  discussed  in 

E 22 , the  value  E22^xx  seems  increasi 
value. 


section  4.2.  At  a high  value  of 
ng  linearly  with  respect  to  E ^ 


(3)  A sensitivity  study  of  E^  with  respect  to  the  four  parameters  Gp 

C , C and  v will  help  to  check  the  relative  importance  of  the 
e g m r r 

initially  assumed  magnitude  of  the  four  parameters.  This  is  done  by 
the  sensitivity  equation 


AE  3 In  E AGr  3 In  E A ? 
xx  _ xx  f xx_ e 

E 3 In  Gr  Gc  3 In  C £ 
xx  f f e e 


3 In  E A C,  3 In  E Av  3 In  E A E0„ 
xx  g xx^ m xx  22 

9 In  t,  ? 3 In  v v 3 In  E , E,0 

g g mm  22  22 


(19) 


where  A means  the  difference  between  the  true  value  and  the  assumed 
value. 

These  three  statements  were  found  to  be  very  useful  in  pursuing  the  Procedure  III 
algorithm.  We  assumed 

Gf  = 10  x 106  psi 

v = .35  (20) 

m 

as  our  initial  guess.  From  Tables  4 and  6,  three  initial  values  of  the  ratio 

^22^xx  were  evaluatecl  to  be  -559,  .530,  and  .556  at  temperatures  75°F,  132°F, 

and  200°F  respectively.  Since  the  left  hand  side  of  equation  ( l 8 ) is  roughly 

a constant,  a value  0.559  is  assumed  for  the  ratio  E^/E  x us'ng  the  fact  that 

room  temperature  data  are  more  reliable  than  that  of  other  environments.  Even  with 

known  values  for  v and  E„„/E  , numerous  choices  of  the  parameters  t and  q can  be 

m 22  xx  r e q 

fitted  into  equation  (18).  We  started  with  ^ = 2 as  we  did  for  the  isotropic 
fiber  composite  and  varied  the  5 value  around  2.75  which  was  obtained  from  approxi- 
mation equation  (18).  It  seems  that  Q = 3.7  gives  the  best  fit  of  experimental 
data  as  shown  in  Figure  24  which  is  obtained  by  inserting  various  values  of  E 2 2 
in  equation  (17)  according  to  the  Procedure  III  algorithm. 

Before  adjusting  the  initial  value  of  the  parameters  selected  for  the  second 

exercise  in  Procedure  III,  we  differentiated  equations  ( 1 0 ) , (15)  and  (16)  with 

respect  to  G , C , A and  v and  substituted  in  the  assumed  parametric  values, 
r g e g m 

the  sensitivity  equation  (19)  could  then  be  evaluated  as 


i 


51 


AE  AG,  Ac  AC  Av  AE 

= -o8°5  T1  + . 5425  — 1 - .^332  — - - .2075  — + .8581  — — 
■xx  Gf  Cg  5e  Vm  E22 

E22  = 1.4  x 106 


AE  AG,  A?  Zc  Av  AE,, 

_ = .0090  — - + .1787  — 3-  - .1423  — - .0672  — + .2645  (21) 

Exx  Gf  ?g  % E22 

E22  ■ °'5  » l0‘ 


This  result  indicates  that  E is  a weak  function  of  G,  and  v as  far  as  their 

xx  f m 

variation  ranges  are  concerned.  If  the  approximate  relation  (18)  is  introduced 
in  equation  (21),  we  have 


AG,  A?  Av  AE 

= .0805  + .0010  -2-  - .2075  — + .8581  — * — 

Gf  Cg  Vm  E22 

E22  = 1.4  x 106 

AG,  AC  Av  AE, 

= .0090  — r—  + .0008  -2-  - .0672  — + .2645  (22) 

Gf  Cg  Vm  E22 

E22  = 0.5  x 106 

Thus,  E^^  is  a weak  function  of  Cg(or  Cg)  if  the  approximate  equation  (18)  is 

strictly  followed.  Other  combinations  of  G-,  C and  v data  were  tried  and  a 
' tern 

better  fit  was  not  obtained  between  theoretical  and  experimental  data.  We  can 

only  expect  the  E value  to  be  most  sensitive  to  E22  according  to  equation  (22). 

It  is  also  interesting  to  note  that  the  value  E„,/E  is  almost  linear  with  res- 

22  xx 

pect  to  E22  as  shown  in  Figure  25  which  is  a side  result  obtained  from  Procedure 
III.  We  have  also  shown,  in  Figure  24,  the  relations  of  in-situ  resin  shear 
modulus  as  related  to  E 

xx 

By  using  Figure  24  and  Tables  4 and  5,  compliances  S22  and  are  readily 

determined.  This  together  with  the  analysis  in  Section  4.1,  can  completely 

characterize  all  compliances  S.j  at  all  seventeen  environments. 
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FIGURE  25.  COMPARISON  OF  TRUE  VALUE  AND  APPROXIMATE  VALUE  OF 
THE  RATIO  E22/Exx  VS.  E^. 
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The  above  discussions  can  be  summarized  by  showing  an  example.  Suppose  we 
are  interested  in  the  behavior  of  the  shear  compliance  = 1/G ^ in  an  132°F/ 
71%  R.H.  environment.  We  start  from  Table  5 where  we  find  that  D = . 3 8 S 8 x 10 

_ j _ j ^ 

psi  and  0^  = .0317  x 10  ' psi  . So,  the  power  law  representation  for  a ±45° 
laminate  at  132°F/71%  R.H.  environment  is 

Sxx  = (-3558  + -0317  tJ8)  *  S * * * *  10 * * * * *"6  psi"1 


By  inserting  various  values  of  t in  the  equation  above,  we  find  the  corresponding 

66 


S.  values  and,  by  using  Figure  2 by  we  find  the  correspondi ng  values.  Thus, 


xx 

we  have  the  table 


t 

s 

XX 

S66 

0 

.3858 

1.38 

1 

.M75 

1.50 

100 

.b5Sb 

1.66 

By  evaluating  the  coefficients 

0 and  D. 
0 1 

for  S^£  from  the  Table  above,  the  power 

law  representation  for  S^  can  be  approximated  as 


S66  = 0.38  + .12  f18)  x 10'6 

at  environment  130°F/71%  R.H.  Following  the  procedure  in  the  example  above,  we 

can  find  power  law  representation  for  S„_,  1/E.,  or  1/G..  by  using  Tables  b or  5 

ZZ  M M 

and  Figure  2b. 

6.2  TEMPERATURE  AND  HUMIDITY  EFFECT  AND  MASTER  CURVES 

For  analysis  purposes,  test  data  D^,  D^,  and  log  a^  in  Tables  b through  5 

are  plotted  in  Figures  26  through  30.  The  shift  factor,  a..,  is  normalized  to 

unity  at  75°F  for  each  relative  humidity  level.  From  the  discussion  of  the 

previous  section,  we  are  able  to  determine  the  power  law  equations  (13)  and  (lM 

to  characterize  the  compliances  S.^.  The  temperature  and  humidity  effect  on  the 

net  creep  compliances  AD  = D - D^  i s experienced  through  the  shift  factor  a(T, 

R.H.)  . 


INITIAL  COMPLIANCE 


75  100  125  150  175  200 
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FIGURE  26. 


TEMPERATURE  DEPENDENCE  OF  INITIAL  COMPLIANCE 
D AT  VARIOUS  HUMIDITY  LEVELS. 

o 
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FIGURE  27.  HUMIDITY  DEPENDENCE  OF  INITIAL  COMPLIANCE 

D AT  VARIOUS  TEMPERATURE  LEVELS, 
o 
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FIGURE  29.  TIME-TEMPERATURE  SHIFT  FACTOR  aT  for 
MOISTURE  SATURATED  COMPOSITES. 


6 


r 


Test  results  in  Figure  29  indicate  an  interesting  phenomenon  of  our  shift 
factor,  a.p  i.e.,  humidity  does  not  affect  significantly  the  log  a^  value  at 
each  temperature  level.  This  implies  that  a(T,  R.H.)  is  a function  of  tempera- 
ture and  humidity  in  a product  form 


a(T,  R.H.)  = a-p(TR,  R.H.)  = aT  a^ 


(23) 


and  Figure  29  is  the  characteristic  curve  for  ay  only.  The  term  aR  is  found  by 
evaluating  a(T,  R,H,)  at  reference  temperature  TR  = 75°F  (Figure  30)  and  will  be 
referred  to  as  the  humidity  shift  factor.  Equation  (23)  and  Figures  29  and  30  repre- 
sent the  equivalence  in  temperature  effect  and  humidity  effect  on  AS/3501-6  composite 

in  that  their  shift  factors,  aT  and  a , become  additive  in  the  logarithmic  scale. 

I H 

Assuming  the  straight  lines  in  Figures  26  and  27  are  good  approximations 
of  test  results  in  the  temperature  and  humidity  range  we  have  tested  so  far,  the 
initial  compliance  will  have  the  form  of  a linear  combination  of  temperature 
T (°F)  and  relative  humidity,  H (°<  R.H.) 

Do  = aTH  + bT  + CH  + d (24) 

The  master  curve  of  net  creep  compliance  AD  = D - D for  D =*  1 /E  can  be 

obtained  by  shifting  data  in  the  log  t scale,  with  respect  to  both  temperature 

and  humidity  data  in  Figures  29  and  30  and  the  result  is  shown  in  Figure  31 • The 

experimental  data  agrne  with  the  master  curve  reasonably  well.  For  values  of  S^x 

greater  than  0.25  x 10  ^ psi  *,  the  curves  in  Figure  24  are  essentially  straight 

lines.  This  means  that  values  S„„,  S,,  and  1/GU  can  be  linearly  related  to  S 

lI  oo  M xx 

and  they  can  be  represented  by  the  following  power  law  equation  based  on  equations 
(23),  (13)  and  (24) 

. „ 0.13 

-)  (25) 


C = aTH  + bT  + CH  + d + D.  ( — — 

1 aT  aH 


where  the  constants  a,  b,  c,  and  0^  are  listed  in  Table  8.  Where 


and  S 


22 


values  are  from  inserts  in  Figure  24.  The  constants  a,  b and  c were  obtained 
by  linear  regression  technique  in  Reference  11  and  test  data  in  Tables  4 and  5. 
Hence,  mechanical  characterization  of  AS/3501-6  composites  has  been  defined  be- 
tween the  temperature/humidity  parameters  of  75°F/50%  R.H.  and  200°F/95^  R.H. 
They  are  completely  defined  by  equation  (25)  together  with  Figures  29  and  30  and 
Table  8. 
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From  equation  (25),  we  see  that  temperature  and  humidity  effect  composite 
compliance  through  Dq  linearly  and  through  0^  logarithmically.  Hence,  the 
equivalence  between  temperature  and  humidity  on  composite  compliance  is  through 
the  relationship  of  equation  (25)  in  a complicated  way.  Direct  relationship 
between  them  will  be  feasible  if  the  appropriate  functional  representations  of  shift 
factors  aT  and  au  can  be  formulated  from  Figures  29  and  30.  More  environments 
need  to  be  selected  for  ± 1+5°  specimen  testing  to  generate  the  smooth  log  a^  and 

log  au  curves  so  that  the  appropriate  functional  representations  can  be  obtained. 

H 
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7.0  ANALYSIS  OF  FATIGUE  TEST  RESULTS 


The  90°  specimens  used  for  fatigue  testing  have  the  same  configuration  as 
those  for  static  testing.  The  specimen  dimensions  are  shown  in  Figure  1. 

Since  the  specimens  were  scheduled  to  be  under  pin-loading  type  fatigue  in  the 
Shore  Western  environmental  test  machine,  end  tabs  of  the  specimens  were  sealed 
by  RTV  rubber  to  protect  them  from  moisture  penetration  through  environmental 
conditioning.  This  will  ensure  that  the  fatlgure  failure  will  occur  in  the  gage 
section.  Half  of  the  fatigue  specimens  were  tested  with  the  thermocouple 
attached  to  the  center  gage  area  of  the  specimen  during  fatigue.  The  other  half 
were  monitored  by  the  extensometer  to  study  its  creep  and  eccentricity  during 
fat i gue. 

A total  of  thirty-one  specimens  that  were  saturated  at  95%  relative 
humidity  were  fatigued  and  the  results  are  shown  in  Table  9.  Most  specimens 
were  allowed  to  fatigue  up  to  four  hours  at  three  Hertz  frequency.  Specimens 
that  did  not  fail  in  fatigue  were  failed  statically. 

Although  Table  9 does  not  show  enough  data  for  statistical  fatigue  analysis, 
it  does  show  three  interesting  phenomena: 

a.  Three  failure  modes  were  observed:  (1)  failure  in  the  end  tab  edge 
area,  (2)  failure  at  the  gage  section,  and  (3)  failure  at  the  pin 
load  hole  section.  The  first  two  failure  modes  dominate  the  fatigue 
fa i lure . 

b.  Residual  fatigue  stress  is  always  higher  than  the  ultimate  static 
tensile  strength  of  3,000  psi  regardless  of  the  environment  and 
stress  level  used.  (comparing  Tables  1 and  9). 

c.  No  surface  temperature  rise  in  the  fatigue  specimen  was  observed  at 
the  three  Hertz  frequency. 


TABLE  9.  FATIGUE  TEST  RESULTS  FOR  90°  SPECIMEN. 


TABLE  9.  FATIGUE  TEST  RESULTS  FOR  90°  SPECIMEN.  (CONTINUED) 


8.0  APPLICATION  TO  SKIN/SPAR  DESIGN 


8.1  BACKGROUND 

Since  temperature  and  humidity  have  a potentially  detrimental  effect  on  the 
mechanical  performance  of  composite  structure,  a design  example  is  presented  to 
quantify  the  impact  that  the  linear  viscoelastic  characteristics  of  AS/3501-6  gra- 
phite epoxy  have  on  a typical  design.  A skin/spar  joint  design  for  a hybrid 
(composite/metal)  wingbox  is  used  as  the  design  example.  The  typical  cross- 
section  of  the  wingbox  is  shown  in  Figure  32. 

The  element  specimen  design  in  Figure  35  shows  the  lower  portion  of  the 
skin/spar  design  and  is  used  here  for  analysis.  The  critical  load  condition 
of  the  joint  is  the  fuel  pressure  pull-off  condition.  The  ultimate  pull-off 
design  load  is  1000  lbs. 

The  environmental  design  criteria  used  for  the  design  was  that  the  exter- 
nal surface  temperatures  for  the  joint  area  were  to  be  a minimum  of  -80®F  (-62°F)  a 
maximum  of  273°F  (13^°C)(10  minutes  or  less  per  exposure)  and  a maximum  endurance 
temperature  of  160°F  ( 7 1 °C ) . The  worst  humidity  to  be  experienced  was  75%  R.H. 
for  the  outer  skin  area. 

8.2  ELASTIC  AND  VISCOELASTIC  ANALYSIS 

The  skin/spar  design  presents  an  interesting  design  problem  in  that  the 
thickness  direction  of  the  skin  has  matrix  dominant  properties  and  is  susceptible 
to  structural  failure.  A finite  element  NASTRAN  model  was  made  to  investigate 
this  structural  problem  under  severe  environment.  Two  environments,  75°F/50% 

R.H.  and  176°F/71%  R.H.,  were  selected  for  the  study.  The  basic  mechanical  pro- 
perties of  the  composite  at  these  two  environments  are  given  in  Table  10  and 
were  obtained  from  Table  8 and  equation  (25).  The  properties  at  75°F/50%  R.H. 
were  evaluated  at  zero  creep  time  (instantaneous  response)  and  that  at  176°F/71% 

R.H.  were  at  a one  hour  creep  time  which  was  to  simulate  the  one  hour  mission  flight. 

The  critically  stresses  area,  based  on  NASTRAN  model  analysis,  was  located 
at  the  middle  of  the  composite  skin  and  around  the  skin-adhesive  interface  area, 
marked  "A"  in  Figure  32.  Interlaminar  tension  stress  and 
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FIGURE  32.  THE  INTEGRATED  SKIN/SPAR  DESIGN. 
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chordwise  tension  stress  in  area  "A",  as  shown  in  Figure  33  increased  as  the 
environment  became  more  severe.  The  margin  of  safety  (M.S.)  is  reduced  to 
0«63  at  176°F/71%  R.H.  from  233  at  75°F/50%  R.H.  Skin/Spar  pull-off  speci- 
mens were  fabricated  and  tested  to  validate  the  analysis  and  the  design. 

Failed  specimens  are  shown  in  Figures  34  and  35.  The  failure  mode  and  failure 
location  agree  very  well  with  the  analysis.  Various  modified  skin/spar  designs 
are  now  under  evaluation  internally  to  improve  the  interlaminar  tensile  strength 


TABLE  10.  BASIC  MECHANICAL  PROPERTIES  FOR  SKIN/SPAR  DESIGN. 


Ultimate  Strength  in 
Transverse  Direction 


STRESS  AT  "A" 

FROM  ANALYSIS: 

Chordwise  Tension 

Interlaminar 
Tens i on 


75°F/50%  R.H. 

176°F/7U  R.H. 

18.95  x 106  PSI 

18.95  x 106  PSI 

1.65  x )06  Pbi 

0.9  x 106  PSI 

0.35 

0.35 

.85  x 106  PSI 

.47  x 106  PSI 

6,400  PSI 

3,000  PSI 

6,300  PSI 

7,300  PSI 

1 ,600  PSI 

2,100  PSI 

FIGURE  34.  LOWER  SPAR  CAP  PULL-OFF 
TYPICAL  SPECIMEN  FAILURE. 


FIGURE  35.  LOWER  SPAR  CAP  PULL-OFF 
FAILED  SPECIMENS. 


9.0  DISCUSSION  AND  CONCLUSIONS 


Characterization  of  the  mechanical  properties  of  Gr/Ep  composites  exposed 
to  combined  temperature  and  humidity  environments  becomes  possible  through  vis- 
coelasticity theory  and  creep-recovery  tests.  By  using  the  "rule  of  mixtures" 
and  the  Halpin-Tsai  equations,  a nomograph,  established  through  a test  and 
analysis  procedure,  was  developed  to  relate  shear  and  transverse  moduli  of  the 
composite  to  the  basic  ± 45°  specimen  test  data.  This  eliminates  the  need  for 
obtaining  biaxial  creep- recovery  strain  data  in  severe  environments  which  was 
not  attainable  in  this  present  phase. 


The  test  technique  developed  was  critical  to  the  success  of  this  program 
^ince  all  the  tests  were  scheduled  to  be  performed  in  severe  environments.  The 
strain  gage  method  was  evaluated  and  was  susceptible  to  moisture  degradation 
even  when  the  gages  were  coated  by  other  resins  such  as  M-coat  C or  M-coat  D 
(Micromeasurement) . Extensometers  made  with  hermetically  sealed  LVDT's  were 
found  to  be  valid  and  accurate  measuring  devices  in  these  severe  environments.  An 
analytical  technique  was  formulated  to  correlate  + ^5°  specimen  test  data  to  other 
mechanical  properties  in  order  to  fully  characterize  the  composite.  Test  tech- 
niques developed  in  this  program  are  very  sensitive  to  temperature  change  in 
the  test  environment.  From  our  calibration,  a ± 4°F  temperature  differential 
is  sufficient  to  introduce  appreciable  scatter  in  the  test  results.  We  were 
able  to  confine  the  temperature  change  to  ± 2°F. 


The  effect  of  moisture  and  temperature  on  the  mechanical  response  of  AS/3501-6 
material  has  been  characterized  through  a linear  viscoelastic  shift  factor  and  the 
creep  compliance  was  obtained  from  creep- recovery  test  results  obtained  at  various 
temperature  and  humidity  levels.  The  time-scale  shift  factor,  a function  of  both 
temperature  and  humidity,  has  a product  form  consisting  of  a temperature  dependent 
,nl < function  and  a humidity  dependent  only  function.  This  product  form,  shown  in 
\ nn  (23),  represents  the  equivalence  in  time-scale  between  the  effect  of 
» • • 1 f r'  »nd  the  effect  of  humidity,  since  these  shift  factors,  temperature- 

* » •<  • - nd  humidity  shift  factor,  are  additive  in  the  logarithmic  scale. 

* rn,  • tncc  response  is  affected  linearly  by  temperature  and  humidity. 


In  the  process  of  characterizing  composites  through  creep- recovery  testing, 
two  creep  stress  levels  were  used  to  ascertain  stress  dependent  effects.  It 
turned  out  that  the  lower  stress  level  tests  for  both  the  ^5°  specimen  and  the 
90°  specimen  have  irregular  creep  patterns  and  the  results  were  not  as  consistent 
as  those  run  in  the  higher  stress  level  tests.  It  is  postulated  that  Coulomb 
friction  in  the  moisture  saturated  specimen  consumes  a higher  fraction  of  the  total 
applied  stress  for  lower  stress  level  tests  as  compared  with  those  of  higher  stress 
level  tests.  For  this  reason  only  the  higher  creep  stress  test  results  were 
analyzed. 

The  reduced  data  from  creep- recovery  tests  also  indicate  that  creep  defor- 
mation tends  to  grow  from  one  creep  cycle  to  another  creep  cycle  at  high  humidity 
or  high  temperature.  As  a rough  estimate,  Figure  36  indicates  the  region  where 
temperature  and  humidity  has  an  effect  significant  enough  to  create  a 50  yin/in 
strain  growth  from  the  first  creep  cycle  to  the  third  creep  cycle.  Those  data 
were  put  in  a lesser  weight  in  their  application  to  data  analysis  for  master  curves. 

As  mentioned  in  the  "Introduction"  section,  we  had  three  objectives  to  begin 
with  for  this  Phase  I Research  Program.  On  the  first  objective,  we  have  shown 
that  master  curves  of  material  properties  can  be  characterized  through  the  use  of 
the  viscoelastic  analysis.  Based  on  the  test  results,  the  equivalence  of  the 
thermal  conditioning  effect  and  the  humidity  conditioning  effect  on  the  composite 
materials  response,  the  third  objective  has  been  met.  They  are  linearly  additive 
with  regards  to  the  initial  compliance  response  and  logarithmically  additive  with 
regards  to  the  transient  compliance  response.  Hence,  a definite  equivalence 
relationship  between  them  is  not  feasible.  The  second  objective  on  fatigue  will 
be  investigated  in  the  next  phase  of  the  program.  Additional  studies  which  need 
to  be  done  in  this  program  are  summarized  below. 

1.  Direct  biaxial  measurements  should  be  made  to  experimentally  obtain 
mechanical  properties  and  correlate  them  with  the  analysis  procedure 
developed  in  the  program.  To  conduct  environmental  testing  by  using 
other  fiber  angled  specimens  is  an  alternate  approach  to  biaxial 
measurement. 

2.  Creep- recovery  data  indicate  that  initial  creep  compliance  Dq  tends 
to  decrease  as  temperature  or  humidity  reaches  the  growth  region  in 
Figure  36.  It  is  possible  that  the  material  behavior  gradually 
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deviated  from  the  power  law  representation  when  it  was  tested  at 
environments  close  to  its  wet  glass  transition  temperature. 

3.  Our  test  data  on  Dq  and  n of  the  power  law  equation  can  be  further 
refined  if  we  can  find  another  Dj  value  from  the  recovery  period  in 
addition  to  that  obtained  from  the  creep  period. 

A.  To  obtain  better  values  of  graphite  shear  modulus,  G^,  resin  Poisson's 

ratio,  v , and  Halpin-Tsai  equation  constants  £ and  £ , a new  angle 
’ m’  r eg 

ply  specimen,  instead  of  ±1*5°,  should  be  selected.  Sensitivity  results 
obtained  by  using  equation  (22)  indicated  that  the  ± A5°  specimen 
results  were  not  sensitive  enough  to  their  variations. 

5.  The  fatigue  test  for  the  90°  specimen  is  very  sensitive  to  the  pro- 
cess of  fabrication,  material  handling,  machining,  tabbing,  and  cut- 
ting. In  essence,  the  90°  composite  specimens  should  be  fabricated 
and  handled  carefully  to  minimize  the  possible  defect  sources. 

6.  Assessment  of  the  fatigue  characteristics  of  composites  in  severe 
environments  can  be  obtained  by  conducting  fatigue  tests  on  90° 
and  ± 1*5°  specimens.  A detailed  approach  to  this  problem  will  be 
worked  and  reported  on  in  the  second  phase  of  this  program. 
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RELATIVE  HUMIDITY  (%) 


FIGURE  36.  MULTIPLE-CYCLE  CREEP  GROWTH  REGION  AS  CAUSED  BY 
TEMPERATURE  AND  HUMIDITY. 
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